Abstract
Structural heterogeneity is a hallmark of living cells and nuclei that drives local mechanical 29 properties and dynamic cellular responses, including adhesion, gene expression, and 30 differentiation. However, robust quantification of intracellular or intranuclear mechanics are 31 lacking from conventional methods. Here, we describe new development of deformation 32 microscopy that leverages conventional imaging and an automated hyperelastic warping 33 algorithm to investigate strain history, deformation dynamics, and changes in structural 34 heterogeneity within the interior of cells and nuclei. Using deformation microscopy, we found 35 that tensile loading modes dominated intranuclear architectural dynamics in cardiomyocytes in 36 vitro or myocytes in vivo, which was compromised by disruption of LINC complex molecule 37 nesprin-3 or Lamin A/C, respectively. We also found that cells cultured on stiff substrates or in 38 hyperosmotic conditions displayed abnormal strain burden and asymmetries compared to controls 39 at interchromatin regions where active translation was expected. Deformation microscopy 40 represents a foundational approach toward intracellular elastography, with potential utility to 41 provide new mechanistic and quantitative insights in diverse mechanobiological applications.
Introduction

54
Mechanobiology is an emerging field that describes how mechanical forces modulate the 55 morphological and structural fitness of tissues, with applications in development, homeostasis, 56 disease, and engineering of biological systems (1) . Critical biophysical parameters in 57 mechanobiology, microscale deformations, arise from mechanical loadings that impact the 58 structural heterogeneity characteristic of the intracellular and intranuclear architecture. The 59 deformation at multiple (e.g., extracellular, cell, nucleus) levels can trigger unique biochemical 60 pathways and mechanotransduction cascades, and regulate diverse processes including adhesion 61 and differentiation (2). 62 63 In recent years, specific studies and interest have focused on nuclear mechanobiology (3-5). The 64 cell nucleus is known to contain, maintain, and interpret the genomic information that forms the 65 basis for the characteristics of every individual. This information, encoded in the form of DNA, is 66 highly organized within the nucleus to enable fast and accurate responses to cell stimuli. While 67 maintaining spatial organization, the nucleus is also subject to significant deformation through 68 direct physical connections to the cytoskeleton, via LINC (linker of nucleo-and cytoskeleton) 69 complexes (6, 7), and consequentially to the extracellular environment, especially in mechanically 70 challenged tissues such as heart, skeletal muscle, and cartilage. Through these interconnections, 71 mechanical cues at the tissue level can be transmitted to and actively processed within the nucleus 72 to influence, e.g., gene expression via activation of transcription factors (8), cell differentiation 73 (9), cancer cell migration through constricted spaces (4), nucleoskeleton rearrangement (3, 10), 74 and reorganization of the chromatin architecture (11, 12) . The mechanics of the nucleus is also 75 intertwined with biological functions, including transport through the nuclear membrane (13), 76 nuclear rheology (14) and nuclear stiffness (15). Despite growing interest in nuclear images are used to quantify local deformations (Fig. 1a, Supplementary Fig. 1 Fig. 3.a) . Further, the deformation in 156 intranuclear space was found be related to the local chromatin density, and hence to the image 157 intensity ( Supplementary Fig. 3.b-d) . The sensitivity of the deformation measurement with regard 158 to the key parameters material stiffness and penalty factor was also analyzed (Supplementary Fig.   159 4), and we found that, based on the specific application, an optimal combination of those two 160 parameters lead to the best registration results. From the high-resolution principal strain vector 161 map ( Fig. 1.a We were interested to understand how intranuclear strain would change after disrupting elements To provide a comprehensive analysis using deformation microscopy, we generated and compared Next, we showed that the lack of lamin A/C, a structural protein in the nucleus, leads to altered Besides providing more reliable average strain data, spatial strain maps can provide new detail 283 and insight into nuclear mechanics through combined analysis with other spatial information. strains were more significant in lower density regions, but became less significant towards the 294 mid-density regions around the histogram peak and stayed low in high-density areas. In contrast, 295 most prominent shear and deviatoric strains changes coincided more with low-and mid-density 296 chromatin, and were low again for high-density areas. These contrasting strain trends with 297 hydrostatic strains being low, and shear and deviatoric being high, around mid-density chromatin 298 areas was further confirmed in the analysis of n=5 CM nuclei for each substrate (Fig. 3c and   299 Page 7 of 34 Supplementary Fig. 6 ). Finally, we showed that the primary apex generated an assymetric strain distribution in the nuclei 320 of fibrotic cells, using chondrocytes as a model system for hyperosmotic loading (Fig. 4) . We also (Fig. 4a, Supplementary video 1) . Traction force microscopy (27) was then used 335 to calculate substrate traction force from bead displacements during hyperosmotic loading using 336 the post-trypsin state as reference. Substrate traction forces declined, most likely due to cell 337 shrinkage, as decreased cell area was previously correlated to loss of traction (28). In our studies, 338 higher magnitudes of traction forces was observed near the three distinct cell apexes. Substrate 339 stress relaxation maps could then be calculated from the difference in traction force using the pre-340 osmotic loading condition (0 min) as reference (Fig. 4b ). Nuclear strains (Fig. 4c) For this purpose, we generated a radial stress relaxation map with values indicating the stress 350 towards the nuclear center (Fig. 4e) . The radial stress relaxation at the cell border was then plotted 351 together with the hydrostatic strain at the nuclear border (10% of outer nuclear area) against the respectively. However, hydrostatic strain at the nuclear border showed a different trend with a 355 prominent peak (lower compression) at the radial position of apex 2 but higher compression at 356 apex 1 and 3 (Fig. 4) . Additionally, a peak was observed between apex 1 and 2, and more 357 distinctly, between 1 and 3 at the opposing radial position of apex 2. Z-stack confocal imaging of 358 an actin stained P4 chondrocytes with a similar cell geometry showed that the most prominent 359 apex in a cell, like apex 2, is distinct from the others as it serves as focal point for dorsal stress 360 fibers that stretch over the nucleus and connect to ventral stress fibers on the opposite side, as in 361 apex 1 and 3 (Fig. 4f) . Deformation microscopy is automated and valid for both 2D and 3D imaging modalities (20).
378
Accordingly, the derived parameters (in this case, strain) can be quantified in 2D as well as in 3D.
379
The automated, unbiased optimization capability in the present technique adds much repeatability 380 and makes the technique user-independent. Therefore, the present technique is a significant 
Materials and Methods
488
Validation of deformation microscopy 489 490 Images of passage four chondrocytes (P4, exhibiting a fibroblast-like phenotype) were captured 491 by fluorescence confocal microscopy (Nikon A1R) with DNA staining (DRAQ5; Cell Signaling). Cardiomyocytes were transduced with lentiviral particles harboring a dominant negative sR3-
516
Kash3 construct (Fig 2a) . This construct contained the C-terminal end of the nesprin-3 gene analyzed via deformation microscopy as described before. ThermoFisher) for 1h at 37°C to allow for cell attachment.
588
Imaging and Data analysis. After 4 days of CM culture on PDMS, images stacks were captured 589 using an inverted epi-fluorescence microscope (Nikon Ti-Eclipse) with a 100× objective and an 590 EMCCD camera (Andor). To visualize the entire contraction cycle of CMs, images were captured 591 at 6.4 fps over a period of 10 s, during which photobleaching was negligible. For each nucleus, 592 one contraction cycle was selected from the image stack to perform nuclear deformation analysis.
593
Images of the nuclei in a post-systolic resting state were selected as undeformed reference image.
594
Statistical measures over multiple nuclei (n=5) were determined using JMP Pro12 software (SAS images of the nucleus and the substrate were captured. The culture media was removed, and prior 618 to cell dehydration, saline solution was added (dropped gently) on the cell to increase the 619 osmolality from 320 mOsm to 500 mOsm instantly, thus creating a hyperosmotic shock.
620
Subsequently, 10 images of the same nucleus and the substrate were captured one minute apart. One-way Analysis of Variance (ANOVA), followed by post hoc Tukey's test was used to find 642 any statistically significant difference between the groups. The coefficient of regression (R 2 ) was 643 calculated using linear regression. 644 645 646
